S&P Global Process Economics Program (PEP)

Commodity Insights December 2023 (revised December 2024)

Commercially Available
Blue Hydrogen
Production

PEP Report 32F

Praveer Joshi, Director, Process Economics Program

To learn more or to request a demo, visit www.spglobal.com/commodityinsights.

spglobal.com PEP Report 32F Commercially Available Blue Hydrogen Production | 1



Table of contents

1 Introduction 9
2 Summary 11
Commercial overview 11
Hydrogen’s projected role as a fuel/energy carrier 11
Hydrogen versus other potential fuels 11
Analysis and scope of this report 12
Process economics 13
Johnson Matthey’s LCH™ process 13
Shell's POX process 14
Topsoe’s SynCOR™ process 15
Conclusions based on the economics 16
3 Industry status 17
Production, demand and economics of blue hydrogen 20
Production 20

4 Technology review 21
Hydrogen production 21
Hydrogen production by water electrolysis 21
Alkaline water electrolyzer cell 22
Polymer electrolyte membrane electrolyzer cell 24

Solid oxide electrolyzer cell 26
Hydrogen production by steam methane reforming 28
Reaction chemistry 29
Feedstock pretreatment 29
Prereforming 31
Steam-to-carbon molar ratio 32
Reforming temperature and pressure 32
Coking 33
Reforming catalysts 34
Catalyst supports 35
Steam reformer 35
Water gas shifting 37
Blue hydrogen 40
Blue hydrogen using SMR 41
Blue hydrogen using partial oxidation without catalyst or partial oxidation with catalyst 41
Blue hydrogen using autothermal reforming 42
Scope of definition of carbon emission 42

spglobal.com

PEP Report 32F Commercially Available Blue Hydrogen Production | 2



5 LCH™technology by Johnson Matthey 43

Process description 43
GHR technology 44
CO:2 emission and capture 45

Process discussion 45
Section 100 — Hydrogen production 45
Section 200 — Carbon dioxide capture 46
Design basis 46
Cost estimates 51

Fixed capital costs 52
Production costs 52

6 Partial oxidation technology by Shell Catalysts & Technologies 55

Production from fossil sources 55
Reforming 55

Steam methane reforming 55
Autothermal reforming 55
Partial oxidation 56

Process description 58
Section 100 — Hydrogen production 58
Section 200 — Carbon dioxide capture 59
Design basis 59
Cost estimates 63

Fixed capital costs 63
Production costs 64

7 SynCOR™ technology by Topsoe 67

Process description 67
Section 100 — Hydrogen production 68
Section 200 — Carbon dioxide capture 68
Design basis 69
Cost estimates 74

Fixed capital costs 74
Production Costs 74
Appendix A — Design and cost basis 78

Design conditions 79

Cost basis 79
Capital investment 79
Project construction timing 80
Available utilities 80
Production costs 81
Effect of operating level on production cost 81

spglobal.com PEP Report 32F Commercially Available Blue Hydrogen Production | 3



Appendix B — Cited references 82
Appendix C — Process flow diagrams 85

Tables

Table 2.1 Blue hydrogen using Johnson Matthey's LCH™ process — Production costs 13
Table 2.2 Blue hydrogen using Shell's POX process — Production costs 14
Table 2.3 Blue hydrogen using Topsoe’s SynCOR™ process — Production costs 15
Table 3.1 World consumption of hydrogen by region — 2021 18
Table 3.2 World capacity for hydrogen by type — 2021 19
Table 3.3 Operational blue hydrogen projects — 2022* 20
Table 4.1 Key characteristics of electrolytic technologies 28
Table 4.2 Key operating and physical features of electrolyzers 28
Table 4.3 Physical properties of the KATALCO 41-61 hydrogenation catalyst 30
Table 4.4 Physical properties of the KATALCO 61-1T hydrogenation catalyst 30
Table 4.5 Physical properties of the TK-250 hydrogenation catalyst 30
Table 4.6 Physical properties of Johnson Matthey's KATALCO 57-4 SMR catalysts 34
Table 4.7 Physical properties of Topsoe’s RK-200 series SMR catalysts 35
Table 4.8 Physical properties of Topsoe’s R-67-7H SMR catalysts 35
Table 5.1 Design bases and assumptions 47
Table 5.2 Stream balance (Ib/h) 48
Table 5.3 Blue hydrogen using Johnson Matthey's LCH™ process — Major equipment 50
Table 5.4 Blue hydrogen using Johnson Matthey’s LCH™ process — Utilities summary 51
Table 5.5 Blue hydrogen using Johnson Matthey's LCH™ process — Total capital investment 52
Table 5.6 Blue hydrogen using Johnson Matthey's LCH™ process — Capital investment by section 53
Table 5.7 Blue hydrogen using Johnson Matthey's LCH™ process — Variable costs 54
Table 5.8 Blue hydrogen using Johnson Matthey's LCH™ process — Production costs 54
Table 6.1 Design bases and assumptions 59
Table 6.2 Stream balance (Ib/h) 60
Table 6.3 Blue hydrogen using Shell's POX process — Major equipment 62
Table 6.4 Blue hydrogen using Shell’'s POX process — Ultilities summary 63
Table 6.5 Blue hydrogen using Shell's POX process — Total capital investment 64
Table 6.6 Blue hydrogen using Shell's POX process — Capital investment by section 65
Table 6.7 Blue hydrogen using Shell’'s POX process — Variable costs 65
Table 6.8 Blue hydrogen using Shell’'s POX process — Production costs 66
Table 7.1 Design bases and assumptions 69
Table 7.2 Stream balance (Ib/h) 70
Table 7.3 Blue hydrogen using Topsoe’s SynCOR™ process — Major equipment 72
Table 7.4 Blue hydrogen using Topsoe’s SynCOR™ process — Utilities summary 73
Table 7.5 Blue hydrogen using Topsoe’s SynCOR™ process — Total capital investment 75
Table 7.6 Blue hydrogen using Topsoe’s SynCOR™ process — Capital investment by section 76
Table 7.7 Blue hydrogen using Topsoe’s SynCOR™ process — Variable costs 76
Table 7.8 Blue hydrogen using Topsoe’s SynCOR™ process — Production costs 77
Figures

Figure 2.1 BFD for carbon capture options in ATR 12
Figure 2.2 BFD of blue hydrogen technology using POX 13
Figure 4.1 Different types of commercially available technologies 22
Figure 4.2 Schematic of an AWEC 23
Figure 4.3 Exploded view of a PEMEC 25

spglobal.com PEP Report 32F Commercially Available Blue Hydrogen Production | 4



Figure 4.4 Schematic view of an SOEC

Figure 4.5 Syngas cleanup process schematic

Figure 4.6 Basic types of SMRs

Figure 4.7 Equilibrium composition of shifted gas as a function of temperature
Figure 4.8 BFD for a conventional SMR process

Figure 4.9 BFD for carbon capture options in SMR

Figure 4.10 BFD of blue hydrogen technology using POX

Figure 4.11 BFD for carbon capture options in ATR

Figure 5.1 Hydrogen production using LCH™ technology

Figure 5.2 BFD of blue hydrogen production using LCH™

Figure 6.1 Block flow diagram of blue hydrogen technology using POX
Figure 6.2 BFD of blue hydrogen production using POX

Figure 7.1 SynCOR™ hydrogen base case

Figure 7.2 BFD of blue hydrogen production using SynCOR™

Appendix C Figures

Figure C1 Blue hydrogen using Johnson Matthey’s LCH™ technology (Sheet 1 of 2)
Figure C2 Blue hydrogen using Johnson Matthey’s LCH™ technology (Sheet 2 of 2)

Figure C3 Blue hydrogen using Shell's POX technology (Sheet 1 of 2)
Figure C4 Blue hydrogen using Shell's POX technology (Sheet 2 of 2)
Figure C5 Blue hydrogen using Topsoe’s SynCOR™ technology (Sheet 1 of 2)
Figure C6 Blue hydrogen using Topsoe’s SynCOR™ technology (Sheet 2 of 2)

27
29
36
39
40
41
42
42
43
45
56
58
67
67

86
87
88
89
90
91

spglobal.com PEP Report 32F Commercially Available Blue Hydrogen Production | 5



Glossary

ASU Air separation unit

atm Atmospheres

ATR Autothermal reforming

AWEC Alkaline water electrolyzer cell

Bcm Billion cubic meters

BET Brunauer-Emmett-Teller

BFD Block flow diagram

BFW Boiler feedwater

bhp Brake horsepower

BLI Battery limits investment

Btu British thermal units

Btu/kg British thermal units per kilogram

°C Degree Celsius

¢/kKWh Cents per kilowatt-hour

¢/lb Cents per pound

¢/Mgal Cents per thousand gallons
¢/MMBtu Cents per million British thermal units
capex Capital expenditure

CCuUs Carbon capture utilization and storage
CEH Chemical Economics Handbook

CIs Commonwealth of Independent States
cm Centimeter(s)

CPOX Partial oxidation with catalyst

DME Dimethyl ether

$/Mlb Dollars per thousand pounds

°F Degree Fahrenheit

FOB Free on board

ft Feet

ft dia Feet diameter

g Grams

gal Gallon(s)

g/cm? Grams per square centimeter

GDL Gas diffusion layer

GHG Greenhouse gas

GHR Gas-heated reformer

gpm Gallons per minute

h Hours

HTS High-temperature shift

HTSR High-temperature shift reactor

HVAC Heating, ventilating and air conditioning
ITS Isothermal shift

°K Kelvin

kg Kilograms

kg/h Kilograms per hour

kg/m3 Kilograms per cubic meter

kJ/mol Kilojoules per mole

kwWh Kilowatt-hour

kWhe/m3 Kilowatt-hour electric per cubic meter
Ib Pounds

Ib/h Pounds per hour

LCA Lead Concept Ammonia

LCH™ Low-carbon hydrogen technology by Johnson Matthey
LCM Lead Concept Methanol

LNG Liquefied natural gas

LP Low-pressure
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Abstract

Hydrogen is one of the most important chemical products manufactured and used globally. It is produced in large
guantities as an on-purpose product, mostly from natural resources, such as biomass, coal, natural gas and refinery
products (for example, naphtha). Small amounts of hydrogen are also produced by electrolysis of water. It is also
generated as a byproduct of several chemical processes. Most of this on-purpose hydrogen is used as a captive product
in different applications.

The primary demand for hydrogen today is in petroleum refining, ammonia production and methanol production.
Nevertheless, hydrogen is used across multiple sectors, in other chemical and industrial processes as well as in the role
of a reducing or hydrogenating reagent. Another unique point is that hydrogen can be used as a clean fuel — for example,
when consumed in a fuel cell, hydrogen produces electric energy and water only — hence, it can be used in integrated
clean energy systems and auto transportation.

Clean hydrogen — produced from renewables, nuclear or fossil fuels with carbon capture, utilization and storage — can
help to decarbonize a range of sectors, including long-haul transport, chemicals, and iron and steel, where it is otherwise
difficult to reduce emissions. It can also help to improve air quality in cities and improve energy security.

Hydrogen is mostly produced from steam reforming of fossil fuels and emits 8-10 metric tons of CO:z per ton of hydrogen
produced.

In this report, we analyze the production of blue hydrogen using technologies of three licensors, namely:
—  Low-carbon hydrogen (LCH™) technology by Johnson Matthey PLC

— Partial oxidation (POX) technology by Shell Catalysts & Technologies

—  SynCOR™ technology by Topsoe A/S

All of these hydrogen technologies are coupled with an amine-based carbon capture that reduces the process CO:
emissions by more than 90%.

The capacity selected in this report is 100,000 metric tons a year (t/y) of hydrogen (137,460 normal cubic meters per hour
[Nm&/h] or 127 MMscf/d).

This report will be a valuable resource for planners, producers and designers who are looking for an authentic evaluation
of the capital and production costs for blue hydrogen production evaluating the three technologies mentioned above.
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